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® Experiments

Introduction to the Deep Inelastic Scattering

® Calculation of the third order QCD corrections

® Outlook: application taV = 4 Super Yang-Mills theory
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® Deep-inelastic lepton-hadron scattering®, e*n, vp, vp, ... -
collisions)

k lepton’
lepton lepton

Gauge boson —3p» \ q

P
hadron {

)( hadron

I

® Kinematic variables
® Gauge boson: 5 5
v Z0-NC & momentum transfep = —¢= > 0
WE - CC s Bjorken variabler = Q2/(2P - q)
» Inelasticityy = (P -q)/(P - k)
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Leptonic tensor

-

lepton

q
Gauge boson —p \ .
......................... = LM -leptonic tensor

L = A x (K"K + K'K'" — k- K'g") + B x (ie"*7k*k"")

CoefficientsA and B are real and depend on the process.
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Leptonic tensor

-

lepton

q
Gauge boson —p \ .
......................... = LM -leptonic tensor

LM = A x (""" + E'E" — k- k' g") + B x (ie"*Pk*k'7)

® CoefficientsA andB are real and depend on the process.

® B £ 0for NC with Z°, CC or polarized processes (e, at HERA )
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Hadronic tensor

\CI
Gauge boson —3»

hadron

= W,-hadronic tensor
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Hadronic tensor

\CI
Gauge boson —3»

hadron

= W,-hadronic tensor

1 1 , PgP
Wuu — eul/%FL(xa QZ) + d,u,l/%ﬁé(x? QZ) + IGMVQBP—-QFS(ZE, QQ)

® ¢, d, -tensors, depend af ¢. symmetric undep «— v
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Structure functions

f Fors(x,Q?) = Z / dz fp FgL 3(2, Q%) —‘

p (partons)

=Yl (y) ® B 4(Q%), 2= Q*/(2p-q)
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Structure functions

|7 Py p3(z,Q%) = Z / dzfp Zz F§L3(z Q%) —‘

p (partons)

=Yl (y) ® B 4(Q%), 2= Q*/(2p-q)

® Naive Parton Model: partons (quarks) are non-interactoigtparticles
® e.g. pure electromagnetism

FP(2,Q%) =6(1—2) = Iy(2,Q%) =3 €2 f, (x)
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#® Neutral Current*p cross section

f d?oNC(etp)  2ma? —‘

dzdQ? — 20 (14 (1 —y))) s —y*Fr 7 (1 — (1 — y)?)zF]
2

Fzzzq:Aqx(q—FQ) with Aq:€q2+O<Q2‘Q|_M%>
2

ngzq:Bqa:(q—q_) with Bq:O(CP?M%)

® Charged Current*p cross section— flavour separation:
»

d?cCC(etp G> M?Z >
d:cdé)Q ): 271; (M‘%VKQQ) [u+c+(1—y)2(d+s)}

d2 cC(,— GQ M2 2 )
L ii:cdé; 2 _ 271: <M3V4V-VQ2> utet (1-y)*(d+3) J
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QCD improved parton model

 B@EY= Y [PDF(as(@9).Q%) 8 Coy (@) (@) |

p (partons —q,q,9)
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QCD improved parton model

 B@EY= Y [PDF(as(@9).Q%) 8 Coy (@) (@) |

p (partons —q,q,9)

® (), - Wilson coefficients, calculable in perturbative QCD
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QCD improved parton model

 B@EY= Y [PDF(as(@9).Q%) 8 Coy (@) (@) |

p (partons —q,q,g)
® (), - Wilson coefficients, calculable in perturbative QCD

® PDF, - Parton Distribution Functions
o NOT calculable in p.QCD.
o Extracted from data [HERA, Tevatron, fixed target exp.]
o Evolution of PDF's is calculable in p.QCD from evolution edon

d

d1n Q2 PDF,, = |:Pp1p2 (@s(QQ)) ® PDFE,, (Oés(Q2),Q2)] ()

® P, . -Splitting functions, calculable in p.QCD

—
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Evolution (the physical picture)

» Proton:

|7 \q \:; » probed with increasing T

resolutionl /@

— # lower momentumpartonsare
resolved
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Evolution (the physical picture)

» Proton:

» probed with increasing T
resolutionl /@

# lower momentumpartonsare
resolved

FgX) W’ DGLAP:
# can be solved, if PDFs are
P_(x) W

—

given at input scal€), as

fq (X
( function of

| g;
Xp
p
Fq(X) a@

_ / ]
® Feynman diagrams at leading order [ 9 ] g
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Experiments

-

® EW unification: neutral vs . charged current at HERA

VS. W*
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Experiments

- N

® EW unification: neutral vs . charged current at HERA

HERA I Charged and neutral deep In
< ET T T T T T3 elastic scattering cross section
& 10p” A HeaNc s e become comparable whe@?
e e e vty ] reaches the electroweak scale
% S VO SMe'p NC (CTEQEM) 7
g 10_1 ----- —— SMe'p NC (CTEQ6M) _g'

10-3;; * H1e"p CC 03-04 (prel.) "i_i . ?;
C A4 H1epCC 2005 (prel) ) ]
L- = ZEUSe'p CC 2004 o, - s s
E e ZEUSep CC 04-05 (prel.) ?I} E v, Z .
10° e SM e'p CC (CTEQ6M) ) _ VS. W
E —— SMe'p CC (CTEQ6M) -
é— y<09 —;l
E P.=0 E
-7 — | | | 1 11 II| 1 | | | | II| | —
19 10° 10°

Q? (GeV?)
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® Polarized charged current DIS at HERA

CC cross section modified by polarization'
Nr — N

f UeCiCp(Pe):(lip) Ucc(P =0) Pe:NR+NL T

® Cross section is linearly proportional to polarization

® Standard model predicts zero cross sectionfpr= +1(—1) in e~(+)
scattering
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® Polarized charged current DIS at HERA

CC cross section modified by polarization'
Nr — N

f UeCiCp(Pe):(lip) Ucc(P =0) Pe:NR+NL T

® Cross section is linearly proportional to polarization

# Standard model predicts zero cross sectionffpr= +1(—1) in e~ ()
scattering

lefthanded electrons interact (CC)

v

'( e
e*
ﬁ *
\W*

e,

righthanded electrons do not!

@_.
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® Polarized charged current DIS at HERA

CC cross section modified by polarization'

Nr — Np,

et
- el (P) = (1+ P.) - 052 (P. = 0) Po= Yo w

® Cross section is linearly proportional to polarization

® Standard model predicts zero cross sectionfpr= +1(—1) in e~(+)

scattering
lefthanded electrons interact (CC)

e* ¢
ﬁ o
\w*

righthanded electrons do not!

@_.

v

A

Charged Current e’p Scattering

120771711 [T 1T T T [ T T T T [ T T T.1
ep—vX
& H1 Data 2005 (prel.)

©H1 Data 98-99
4 ZEUS Data 04-05(prel.)

& ZEUS Data 98-99
etp —» VX
; ® H1 Data
4 ZEUS Data

g

80

60

SM (H1 PDF 2000)
40

%

i. Q2 > 400 GeV?

| |
20

y<09

0 | L1 1 | | - | | | | - | [ L1

1
—

0.5 0 05
P.

—h

-
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® NuTeV experiment
® The Paschos-Wolfenstein relation

|f Exact relation for massless quarks and isospin zero target T
oX ~ — oX 1 ,
R = ]Xc ]DVC:——SID2(9W
9cc — 9cc
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® NuTeV experiment
® The Paschos-Wolfenstein relation

Exact relation for massless quarks and isospin zero target T
oX ~ — oX 1 ,
R = ]jc gcz——sm26’W
9cc — 9cc

o QCD corrections tehe Paschos-Wolfenstein relation

Use second moments of PDEs = [ dx (g — ¢) and expansion in
Isoscalar combination™ + d—

1 s (1 .
R~ == —sin? 0y + ll—zsin2(9w+8& (——Sln2t9w>] X

2 3 91 \ 2

u- —d” S~ N c”
u—+d- um+d u +dT

o Main uncertainties in—: e.g. fit of MRST J
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Calculations of thethird order QCD corrections

|7 ® Parton levels T

A Exchange vidaV* gauge boson

# \ector and Axial-Vector
interaction:  ay* + byte°

o |
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Calculations of thethird order QCD corrections

|7 ® Parton levels T

A Exchange vidaV* gauge boson

# \ector and Axial-Vector
interaction:  ay* + byte°

A One has to take into account all
possible final states up to fixed
order ina, (including virtual
corrections)

o Our calculations: up ta’

|

Charged Current Deep Inelastic scattering at three loops — p. 13




Current state in the determination of the structure functio ns

-

® £’ via one photon exchange:

LO - Gross, Wilczek'73;Altarelli ,Parisi’77 (*)
NLO - Bardeen, Buras, Duke, Muta’78 (**)
NNLO - Zijlstra, van Neerven'92 (***)

N3LO - Moch, Vogt, Vermaseren’05 (****)
i = 2, L-needsevenMellin moments (MM),i = 3 needsodd MM
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LO - Gross, Wilczek’73;Altarelli ,Parisi’77 (*)
NLO - Bardeen, Buras, Duke, Muta’'78 (**)
NNLO - Zijlstra, van Neerven’92 (***)

N3LO - Moch, Vogt, Vermaseren’05 (****)

i = 2, L-needsvenMellin moments (MM),; = 3 needsodd MM
® FNTP andFy P

LO, NLO - (**), NNLO - (***), N 5LO - (****)

Again evenandodd MM moments correspondingly [Balin, Love,
Nanopoulos’74;Politzer74H)
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Current state in the determination of the structure functio ns

-

® F " via one photon exchange:
LO - Gross, Wilczek’73;Altarelli ,Parisi’77 (*)
NLO - Bardeen, Buras, Duke, Muta’'78 (**)
NNLO - Zijlstra, van Neerven’92 (***)
N3LO - Moch, Vogt, Vermaseren’'05 (****)
i = 2, L-needsevenMellin moments (MM),i = 3 needsodd MM

® FNTP andFy P
LO, NLO - (**), NNLO - (***), N 3LO - (***¥)

Again evenandodd MM moments correspondingly [Balin, Love,
Nanopoulos’74;Politzer74H)

® 77 andFyP T
NEW odd MM for the first case an@venfor the second case). It is the
main difference in the determination of these structuretions.
LO, NLO - (**), NNLO - (**¥)
Our calculation - up to RLO (~ «,?) for the coefficient functions .
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Optical theorem

-

® The hadronic tensor is related to the imaginary part of tinediod
Compton scattering amplitude

» «° calculation in DIS with help ofoop technology

1
W (p,q) = %]mTMV(p, q)

® Calculation of Mellin moments

L O a2, Q) o
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Operator product expansion

® Optical theorem relates hadronic ten$dy, to imaginary part of

|7 Compton amplitUdéL,y —‘

1 1 , pPegh
W,LLV — GMV%FL(:Ea QQ) + dluz/%ﬁb(xa QQ) + leuyaﬂp—.qq}%(x? Q2)

® Operator product expansion @f,, for short distances® ~ 0 in Bjorken
limit Q? — oo, « fixed

T, = i / d*ze*(P| T (J1(2)J,(0)) |P)
1\ Q? Q?
- (&) [owets (Goe) + e (o)

. D qﬁ Q* 2 . .
+i€uas——C3 Ul e’ }A{D v (#%) + higher twists

o |
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Operator product expansion

® Optical theorem relates hadronic ten$dy, to imaginary part of

|7 Compton amplitUd@MV —‘

1 1 , pPegh
W,LLV — GMV%FL(:Ca QQ) + dluz/%ﬁb(wa QQ) + leuyaﬁp—.quS(x7 Q2)

® Operator product expansion @f,, for short distances® ~ 0 in Bjorken
limit Q? — oo, « fixed

T = i / 04267 (P T (J1(2),(0)) |P)
1\" v (@ v (@
= Y (5) [t (Gor) vt (o)
7j

o’ N (@7 2 . .
+Hi€ppas—— = 6‘3‘7 W e }A{D v (#%) + higher twists

L ® hard scattering coefficient functions in Mellin spaicgj (our interest ) J
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Operator product expansion

® Optical theorem relates hadronic ten$dy, to imaginary part of

|7 Compton amplitUd@MV —‘

1 1 , pPegh
W,LLV — GMV%FL(:Ca QQ) + dluz/%ﬁb(wa QQ) + leuyaﬁp—.quS(x7 Q2)

® Operator product expansion @f,, for short distances® ~ 0 in Bjorken
limit Q? — oo, « fixed

T, = i / d*ze*(P| T (J1(2)J,(0)) |P)
1\ Q? Q?
= Y (5) lewel (o)t (o)

N,j

o’ N (@7 2 . .
+Hi€ppas—— = 6‘3‘7 W e }A{D v (#%) + higher twists

L ® hard scattering coefficient functions in Mellin spaicgj (our interest ) J

® |eading twist matrix elementsy,  of parton operator®”, i = ns, q, g
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Operator basis

Ot bnt = el pre . DNty = 1,2, .., (nF — 1)

o |
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Operator basis

O uN}t @)\a,y{mDuz

Method of projection

® Operator product
expansion—
Green functions wit
ternal partons

o DENY a=1,2, .., (nF — 1)
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- N

® Operator projects ouv-th moment

S glhr .. ghN} ON
N = N Oph - - - Ophn

® ProjectionPy =

» only tree level operator
matrix elements survive Py + | = quzqq. /\
L p

» method needs dimensione
regularizationD = 4 — 2¢
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In practice

fThe calculation T

® Big number of diagrams; need of automatization
e.g. DIS structure functions;>*"”, Fy"*"” - 1314 diagrams up t8
loops

o |
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In practice

fThe calculation T

® Big number of diagrams; need of automatization
e.g. DIS structure functions, "7, Fy?*"" - 1314 diagrams up t8
loops

® latest version of FORM [Vermaseren, version 3.1,04-seps40

® QGRAF+— generation of diagrams for DIS structure functions
[INogueira’93]
Calculation of diagrams-
® MINCER in FORM [Larin, Tkachev, Vermaseren’91]

What does MINCER do?

o |
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‘ MINCER minces integrals \

| |
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Feynman diag’s into MINCER

fMethod of projection in pictures o, R T
® Identify scalar topologies lgi l - }
® Scalar diagram with extern H Pl 1
momenta” and@ } — 11 20203
& N-th moment; _(2P-Q)"
— coefficient of 2P - Q)" } N (Q2)NTe N
. 1 (2P - 11) (2P - 1)V
® Taylor expansion P = > iy , G

1

® Feed scalar two-point functions in MINCER

o |
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Mincer

® [dP2-[(P—1)" xI(lh,.., P, ..)]=0-integration by part identities

f t'Hooft, Veltman‘72; Chetyrkin , Tkachov ‘81 T
Leibniz, Newton :-)

o |
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Mincer

® [dP-%-[(P—1)" x I(l1,.., P,..)] = 0 - integration by part identities

f P P PR T

Triangle rule
Define

I(&07617/6270517042) :/dDP

1
(P2)*o((P 4 P1)?)P (PE)or (P + P)?)= (P7)

and act the integrand with2- P, = D + P, 5%-. Result=

Recursion relation :

I(ao, 81, B2, 1, a2) X (D — 200 — B1 — B2) =
Bl([(OZO _ 1761 + 176270517042) o [(a()aﬁl + 17627051 _ 1,0&2))
Bo(I(ag — 1,081,062+ 1,01, 000) — I(, B1, P2 + 1,1, 090 — 1))

o |
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Mincer

® [dP2-[(P—1)" xI(lh,.., P, ..)]=0-integration by part identities
f t'Hooft, Veltman‘72; Chetyrkin , Tkachov ‘81 P P P, T
Leibniz, Newton :-)

Triangle rule
Define

1
(g, B1, B2, 01, 0) =

/d U (P + PP (PR (P + o)) (PR

and act the integrand witfz- P, = D + P, 53-. Result=

Recursion relation .

I(ao, 81, B2, 1, a2) X (D — 200 — B1 — B2) =
Br(I(ag — 1,681 + 1, B2, a1, 0) — I, B1 + 1, B2, 1 — 1, 02))
Ba(I(cwo — 1,81, 82 + 1,01, 0) — I (g, B1, P2 + 1,1, 0 — 1))

In pictures

D - o-003
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Classification of loop integrals

- N

® Classify according to topology of underlying two-point @tion
o top-level topology types ladder, benz, non-planar

qD )y O

® UsingIBP identities more complicated topologies are reduced to lemp
topologies

o |

Charged Current Deep Inelastic scattering at three loops — p. 23



Renormalization - a subtle point for  F3

® -5 with the Lari .
|7 ~> with the Larin prescription . T

Yu¥s = igy€uvory Y7y

® Violates the axial Ward identity. To be restored by an addi
renormalizationZ 4:(in M S)

2
as(u?)\ "1 [22 4 3
Za=1 — | = _ = .
A + ( e ) - [3 CoCFr SCan —FO(O& )

® The treatment of® in D = 4 — 2¢ introduces an extra finite
renormalization withZs . It is derived InM S from

(RirgVu)Ys = Zs(RyrgAL),

R+75 - denotes renorm. operator .S to remove UV divergencies

%= 10‘8(“2)0F+(0‘8i;‘2)>2 lzch _ QCACF + anf] +O(a ﬂ

T
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Checks

- N

® recalculation of known even MM faF, ;, and odd MM forFs

o |
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Checks

- N

® Calculations with gauge parameter of fixed “low ordBrllin moments
(up to 9'th at the moment)

® recalculation of known even MM faF, ;, and odd MM forFs

9"+ (1= §)¢"q”
g2 — ie

o |
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Checks

- N

® Calculations with gauge parameter of fixed “low ordBrllin moments
(up to 9'th at the moment)

® recalculation of known even MM faF, ;, and odd MM forFs

9"+ (1= §)¢"q”
g2 — ie

® Sum rules calculations in DIS
A Gross - Llewellyn Smith sum rule and Bjorken sum rule
[ Larin, Vermaseren,91]

/0 A (F7 (2, QF)— F¥" (2, Q) = 1, /0 dz(FP (2, Q1)+ P (z, Q?)) =

A Adler sum rule, Gottfried sum rul@Broadhurst, Kataev, Maxwell'04]
Conjucture of colour coefficients of coefficient functiorevén" - “odd"

\_ Difference~ (C'» — C'4/2) subleading color J
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Example results

-

Preliminary
o4y =1 &)7(4) = Cp # (73/20) T
217 (4) = Cp % ny % (—1073981,/108000)

+Cp # C 4 * (+3575579/54000 — 227/5 * (3)
+Cp? * (—59219099/6480000 - 28 * (3)

S (4) = Cp % ny? * (+12195323/1749600 + 628/405 * C3)

+Cp x Cy % ny * (—529878917/3499200 — 314/15 * (4 + 29266/405 * (3)
+Cp % C 4% % (+8293616147/17496000 + 1430/3 * (5

+1439/150 * ¢4 — 1625431/2025 * (3)

+Cp? * ny * (—18625311191/109350000 + 314/15 * ¢4 4 38021/675  (3)
+C1% % C 4 * (+1003904196083 /1749600000 — 208 * (5

—1439/50 * ¢4 — 185929/2250 * (3)

+Cp" % (—48030418393 /5832000000 — 704/3 * (5

+1439/75 * ¢4 + 9183239/40500 * (3) J
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Summary

-

# We have obtainedewresults at orden? for £, """ (odd) andry "7
(even)

-

- -
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Summary

- N

® \We have obtainedewresults at order? for £}, (odd) andry” "
(even)

® In the near future we are going to get also results for symldli

o |
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Summary
- -

® \We have obtainedewresults at order? for £}, (odd) andry” "
(even)

® In the near future we are going to get also results for symldli

® \We master the whole chain of the calculation:

o Generation of diagrams withGRAF (topologies)

» Generation of database of Feynman graphs witbrmv program
(depend on the process considered)

o Automatic evaluation of diag’s from this database usimgceR
programm

o |
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Summary
- -

® \We have obtainedewresults at order? for £}, (odd) andry” "
(even)

® In the near future we are going to get also results for symldli

® \We master the whole chain of the calculation:

o Generation of diagrams withGRAF (topologies)

» Generation of database of Feynman graphs witbrmv program
(depend on the process considered)

o Automatic evaluation of diag’s from this database usimgceR
programm

Outlook

® \We can use it for other applications

o |
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N = 4 Super Yang-Millstheory

- N

® Maximally supersymmetric Yang-Mills theory in four dimemss
(MSYM)

o renewed interest from AdS/cfT and from twistor space method
» simple planar limit for large:..
» vanishings-function (conformal invariance)

o |
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® Maximally supersymmetric Yang-Mills theory in four dimemss
(MSYM)

o renewed interest from AdS/cfT and from twistor space method
» simple planar limit for large:..
» vanishings-function (conformal invariance)

relation between QCD anll = 4 Super Yang-Mills

® QCD results carry over to MSYM (no formal proof exists)
® KLOV conjecture (verified at two loops)

Relation for splitting functions’; () in QCD andN = 4 SYM. For the
full N =4 SYM result from QCD use

» principle of “leading transcendentality” - keep only highaeight
(e.9.,Cn, Liy, Liy—1.1- have “transcendentality?)

® set MSYM identification for color coefficients 4, = Cr = n,
\_ » ny-terms do not contribute at highest transcendentality J
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Anomalous dimensions of MSYM

® KLOV obtained universal anomalous dimension
’yign) (N) = — foldx g N1 Pign)(x) iIn MSYM to three loops using QCﬂ
results of

o |
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Anomalous dimensions of MSYM

o

-

1S

where

o

and S, = S4(7), Sap = Sap(J), Sape = Sapc(j) are harmonic sums

KLOV obtained universal anomalous dimension
fyign) (N) = — foldx g N1 Pign)(x) in MSYM to three loops using Qcﬂ
results of

» at/-loops harmonic sums of weight = 2/ — 1 are the terms of
“leading transcendentality”

.3 (2) N

V) = Yuni(D) = avumi() + @i () + () + = (9)
1 :
[l +2) = =5, (10)
1 , — — —
g Wq(iln)z(.] —|— 2) = (Sg —|— S_3> — 2 S_271 —I— 2 Sl (52 —|— 5_2), (11)
1 . = — — —
55 (i +2) = 2538 — 852555 —355+245 510,

+6 <§—4,1 +S 52+ §—2,3> — 12 (3—3,1,1 +S 510+ g—2,2,1)
- <52 +2 512) <3 S 4t S 2§_2,1> _ 5 (8 5.4+ 75,

+4858 5+285+38,—128 3, —1085 5, + 16 §_2,171> (12)
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® The results were checked by

from the value of the /<2 in the scattering amplitude.
IiﬂgespkﬂhnnNﬁa«xﬁoryUV)¢:¢a:—>1HWMﬁorFﬁ”%x)spMﬂné__w
function

" A
Pito1 = [y T Bina (1= 2) + iy In(1 = 2) + O(1)
Al =4Cp -1
67 5
Ag — SCF [(E—Qé) CA — §nf]
245 67 11 11 55
AF =16CrCA[5 — G+ =G+ Gl +16Crns[— 7 + 2]
209 10 7 oo 1
+16CFCans[— s T2 §] - 160an[—ﬁ]

|
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® The results were checked by

from the value of the /<2 in the scattering amplitude.
IiﬂgespkﬂhnnNﬁa«xﬁoryUV)¢:¢a:—>1HWMﬁorFﬁ”%x)spMﬂné__w
function

" A
Pito1 = [y T Bina (1= 2) + iy In(1 = 2) + O(1)
Al =4Cp -1
67 5
Ag — SCF [(E—Qé) CA — §nf]
245 67 11 11 55
AF =16CrCA[5 — G+ =G+ Gl +16Crns[— 7 + 2]
209 10 7 oo 1
+16CFCans[— s T2 §] - 160an[—ﬁ]

0
11 11
0 =1 fo=—C SV =FG=70 .
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® also checked by all orders proposal of

2 11 73
3 45 630

folg) = 4¢* — =m?g* + —n*¢® — [ =—=7° — 4C§> g° + ...

» Direct prediction for highest transcendentality ternin

73

o |
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Outlook 2
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®» \We can do with our tools

o |
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®» \We can do with our tools

» calculation of universal anomalous dimenstgn; to three loops
from first principles

» direct check okLov conjecture

o |ook inside into the rule ofléading transcendentality
QCD— N =4 SYM

# inthe far future : attack!’

o |
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